Using polyethylene glycol as a mesoporous soft template, a series of hierarchically porous ZSM-5 zeolites were prepared. X-ray diffraction, infrared spectroscopy, N 2 adsorption-desorption, and transmission electron microscopy results demonstrated that the resultant materials contained a micro-mesoporous structure. Since the existence of mesoporous structure favors the diffusion of large molecular reactants and products, the phenol conversion and selectivity to 2,4-Di-TBP on the hierarchical ZSM-5 zeolite can be improved for the alkylation of phenol with tert-butanol.
Introduction
Zeolites have been applied widely as catalysts due to their high specific surface area and catalytic acidity, which comes from replacing a little silicon dioxide with aluminum oxide. In the past decades, zeolite ZSM-5 has played a significant role in the chemical industry due to some properties, such as exceptional three-dimensional pore structure without cage construction, acid resistance, thermal stability, and hydrophobic resistance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, the traditional ZSM-5 has only a microporous structure, greatly limiting the applications in the field of catalysis. Therefore, structuring hierarchically porous zeolites ignites great interests in materials science. Compared with microporous molecular sieves, micro-mesoporous molecular sieves provide mesoporous pores that greatly improve the mass transfer ability. Moreover, the acidity and hydrothermal stability of the pore walls are enhanced with partial crystallization, improving acid-catalytic performance [11] [12] [13] [14] [15] [16] [17] [18] .
There are many methods for synthesizing micro-intermediate composite pore molecular sieves reported previously, mainly including alkaline treatment methods, desilication and dealumination methods, soft and hard template methods, etc. The alkaline treatment dealumination method generally removes aluminum in the molecular sieve skeleton by calcination, hydrothermal treatment, chemical treatment, etc., thereby forming a hole defect mesoporous structure. This method has the disadvantages of poor connectivity of the introduced mesoporous structure, reduction of molecular crystallinity, reduction of the number of acidic centers, and the aluminum fragments formed in the process of dealumination are liable to block the micropore channels. The alkaline treatment desilication method destroys the skeleton silicon in the molecular sieve by alkaline treatment, thereby introducing a mesoporous structure [19] . The method has some advantages, such as low cost and simple operation, and is widely used in industrialization. However, the mesoporous structure formed is irregular, and the skeleton silicon is excessively removed to form a large aperture channel. The hard template method uses carbon nanotubes, activated carbon or the like as a hard template to crystallize the silicoalumino sol under hydrothermal conditions, and then the templating agent is removed by baking
Results and Discussion

Catalytic Performance of Micro-Mesoporous ZSM-5 with Different Stirring Time
The XRD patterns of the samples synthesized under different stirring time are depicted in Figure 1 . For the sample with exposed stirring time of 3, 6, and 9 h, the XRD pattern showed that the sample was mainly amorphous. However, MZ-15-3.2 with a stirring time of 15 h showed several diffraction peaks at 7. The Fourier-transform infrared (FT-IR) spectra of ZSM-5 prepared under different exposed stirring time are depicted in Figure 2 . All the samples have two distinct absorption bands at ca. 1228 and 800 cm −1 , assigned to the antisymmetric stretching vibrations and symmetric stretching vibrations of Si-O-Si, respectively. While with the increasing exposed stirring time, especially for 9 and 15 h, a new band located at 550 cm −1 corresponding to characteristic absorption peaks of ZSM-5 zeolite was distinctly seen, indicative of generating micropore structure. The samples also developed bands at ca. 3430 and 1630 cm −1 , which was ascribed to the absorbed water. The band at ~2900 cm −1 was assigned to C-H stretch of the small quantity of residual template. The Fourier-transform infrared (FT-IR) spectra of ZSM-5 prepared under different exposed stirring time are depicted in Figure 2 . All the samples have two distinct absorption bands at ca. 1228 and 800 cm −1 , assigned to the antisymmetric stretching vibrations and symmetric stretching vibrations of Si-O-Si, respectively. While with the increasing exposed stirring time, especially for Catalysts 2019, 9, 202 3 of 12 9 and 15 h, a new band located at 550 cm −1 corresponding to characteristic absorption peaks of ZSM-5 zeolite was distinctly seen, indicative of generating micropore structure. The samples also developed bands at ca. 3430 and 1630 cm −1 , which was ascribed to the absorbed water. The band at 2900 cm −1 was assigned to C-H stretch of the small quantity of residual template. The morphology of MZ-9-3.2 was characterized by HRTEM. As shown in Figure 3 , the sample did not show ordered mesoporous structure, indicating that polyethylene glycol acts as a pore former and only generates some irregular mesopore. Figure 1 . XRD patterns of MZ-3-3.2, MZ-6-3.2, MZ-9-3.2, and MZ-15-3.2.
The Fourier-transform infrared (FT-IR) spectra of ZSM-5 prepared under different exposed stirring time are depicted in Figure 2 . All the samples have two distinct absorption bands at ca. 1228 and 800 cm −1 , assigned to the antisymmetric stretching vibrations and symmetric stretching vibrations of Si-O-Si, respectively. While with the increasing exposed stirring time, especially for 9 and 15 h, a new band located at 550 cm −1 corresponding to characteristic absorption peaks of ZSM-5 zeolite was distinctly seen, indicative of generating micropore structure. The samples also developed bands at ca. 3430 and 1630 cm −1 , which was ascribed to the absorbed water. The band at ~2900 cm −1 was assigned to C-H stretch of the small quantity of residual template. The morphology of MZ-9-3.2 was characterized by HRTEM. As shown in Figure 3 , the sample did not show ordered mesoporous structure, indicating that polyethylene glycol acts as a pore former and only generates some irregular mesopore. The N2 adsorption-desorption isotherm curves of the samples are presented in Figure 4 . The samples with different exposed stirring time exhibit a type IV adsorption curve accompanied by a significant hysteresis loop, indicating that all the samples contained mesoporous structure, which was attributed to the influence of polyethylene glycol as a mesoporous template in the synthesis process. In addition, as the exposed stirring time was extended, the hysteresis loop of the sample was close to the type H2, indicating that the mesoporous distribution was more regular. The BJH pore size distribution of the sample is depicted in the inset of Figure 4 . The BJH pore size of the sample increased with the increase of the exposed stirring time from 3 to 6 h, which almost remained constant with further increasing the exposed stirring time (Table 1 ). The N 2 adsorption-desorption isotherm curves of the samples are presented in Figure 4 . The samples with different exposed stirring time exhibit a type IV adsorption curve accompanied by a significant hysteresis loop, indicating that all the samples contained mesoporous structure, which was attributed to the influence of polyethylene glycol as a mesoporous template in the synthesis process. In addition, as the exposed stirring time was extended, the hysteresis loop of the sample was close to the type H 2 , indicating that the mesoporous distribution was more regular. The BJH pore size distribution of the sample is depicted in the inset of Figure 4 . The BJH pore size of the sample increased with the increase of the exposed stirring time from 3 to 6 h, which almost remained constant with further increasing the exposed stirring time (Table 1) .
accompanied by a significant hysteresis loop, indicating that all the samples contained mesoporous structure, which was attributed to the influence of polyethylene glycol as a mesoporous template in the synthesis process. In addition, as the exposed stirring time was extended, the hysteresis loop of the sample was close to the type H2, indicating that the mesoporous distribution was more regular. The BJH pore size distribution of the sample is depicted in the inset of Figure 4 . The BJH pore size of the sample increased with the increase of the exposed stirring time from 3 to 6 h, which almost remained constant with further increasing the exposed stirring time (Table 1 ). The pore parameters of the samples are listed in Table 1 . When the exposed stirring time was extended from 3 to 15 h, the BET specific surface area of the sample slightly decreased from 592 m 2 ·g −1 to 579 m 2 ·g −1 . The specific surface area of the micropore gradually increased, indicating that a certain microporous structure was formed. Figure 5 shows the NH 3 -TPD profiles of the samples with different stirring time. Two obvious NH 3 -desorption peaks were attributed to the desorption of ammonia in the weak acid and strong acid centers. The temperature of the NH 3 -desorption peak of MZ-3-3.2 and MZ-6-3.2 was relatively low, while the temperature of the NH 3 -desorption peak of MZ-9-3.2 and MZ-15-3.2 was relatively high, indicating that the longer the stirring time the stronger the acidity formed in the sample.
obvious NH3-desorption peaks were attributed to the desorption of ammonia in the weak acid and strong acid centers. The temperature of the NH3-desorption peak of MZ-3-3.2 and MZ-6-3.2 was relatively low, while the temperature of the NH3-desorption peak of MZ-9-3.2 and MZ-15-3.2 was relatively high, indicating that the longer the stirring time the stronger the acidity formed in the sample. The reaction of phenol with tert-butanol is a typical Friedel-Crafts alkylation reaction. The conversion of phenol and the selectivity of the main product 2,4-Di-tert-butylphenol are usually used as a measurement index of catalytic performance. The alkylated product of 2,4-Di-tert-butylphenol (2,4-Di-TBP) is an important intermediate, which is widely applied in industry as raw material for the preparation of a variety of resins, antioxidants, varnishes, surface-active agents, ultraviolet absorbers, petroleum additives, and so on. The reaction of phenol with tert-butanol is a typical Friedel-Crafts alkylation reaction. The conversion of phenol and the selectivity of the main product 2,4-Di-tert-butylphenol are usually used as a measurement index of catalytic performance. The alkylated product of 2,4-Di-tert-butylphenol (2,4-Di-TBP) is an important intermediate, which is widely applied in industry as raw material for the preparation of a variety of resins, antioxidants, varnishes, surface-active agents, ultraviolet absorbers, petroleum additives, and so on.
It can be seen from Table 2 that the catalytic performance of the sample is improved to a certain extent by extending the exposed stirring time during the synthetic process. When the exposed stirring time was extended to 9 h, the conversion of phenol was highest (reaching 96.5%) and the selectivity to the macromolecular products 2,4-Di-TBP and 2,4,6-Tri-tert-butylphenol (2,4,6-Tri-TBP) was also the best. However, when the exposed stirring time was further extended to 15 h, the conversion of phenol was slightly reduced. In addition, MZ-15-3.2 and MZ-9-3.2 showed the same mesopore size and similar mesopore volume, but different mesoporous surface area and very different acid strength. The alkylation reaction mainly occurred on the acidic sites of mesopore surface. Compared with MZ-15-3.2, MZ-9-3.2 showed higher phenol conversion and selectivity to bulky 2,4-Di-TBP mainly due to the larger mesopore surface area and weaker acid strength, as shown in Figure 5 . Moreover, MZ-3-3.2 and MZ-6-3.2 had larger mesopore surface areas than MZ-9-3.2 as shown in Table 1 . However, the catalytic activity and Catalysts 2019, 9, 202 6 of 12 selectivity to 2,4-Di-TBP on MZ-3-3.2 and MZ-6-3.2 were lower than those on MZ-9-3.2, which was attributed to the different acidity of catalyst. It is reported that the alkylation of phenol with tert-butanol is an acid-catalyzed reaction and the appropriately strong acidity of the catalyst is beneficial to this reaction. The acidity of MZ-3-3.2 and MZ-6-3.2 was weaker than that of MZ-9-3.2, as shown in Figure 5 . Hence, the high conversion and selectivity to 2,4-Di-TBP over MZ-9-3.2 could be assigned to the proper mesopore surface area and acidity.
The comparison of the as-obtained catalyst and some reported catalysts for the alkylation of phenol with tert-butanol is shown in Table 3 . As mentioned above, the alkylation of phenol with tert-butanol is an acid-catalyzed reaction. Appropriately strong acidity of microporous zeolite, such as ZSM-5, HY [23, 24] , and so on, is beneficial to this reaction. However, the small pore size made it very difficult for the large size molecules to diffuse effectively in the pore system. Accordingly, the reaction mainly occurred on the external surface of micropore catalysts, where the amount of acidic sites was relatively small. As a result, the conversion of phenol on conventional ZSM-5 and HY was relatively low. It is worth mentioning that the phenol conversion on microporous zeolite Hβ [25] was higher than that on ZSM-5 and HY, which was mainly attributed to the larger micropore size of Hβ. However, the selectivity to the 2,4-Di-TBP on Hβ was still lower than that achieved on MZ-9-3.2 due to the disadvantage of large molecule mass transfer and diffusion in micropore zeolite. Additionally, Sakthivel et al. [26] reported the alkylation of phenol with tert-butanol over Al-MCM-41 mesoporous molecular sieve. Although Al-MCM-41 has the mesoporous channels, its catalytic activity was still low, which should be ascribed to weak acidity of amorphous mesoporous walls. The differences of catalytic activity between the conventional micropore zeolite, mesopore molecular sieve, and the hierarchical zeolite could be mainly attributed to their different pore structure property and acidity [27, 28] . Hence, the proper pore structure and acidity in the hierarchical ZSM-5 zeolite enabled much easier diffusion of reactants and products, favoring a high phenol conversion and high selectivity to 2,4-Di-TBP. 
Catalytic Performance of Micro-Mesoporous ZSM-5 with Different PEG Dosage
The XRD spectra of samples with different PEG dosage are depicted in Figure 6 . The sample without dosage of PEG exhibited peaks at 2θ of 7.9 • , 8.8 • , 23.1 • , 23.9 • and 24.4 • , characteristic of diffraction peaks of ZSM-5. The characteristic peaks could not be obviously observed for the samples with dosage of PEG, indicating that the introduction of polyethylene glycol affected the crystallization of zeolite. The addition of polyethylene glycol coordinate with the metal ions, resulting in that Na + , was insufficient in the system, thereby making crystallization difficult.
sample without dosage of PEG exhibited peaks at 2θ of 7.9°, 8.8°, 23.1°, 23.9° and 24.4°, characteristic of diffraction peaks of ZSM-5. The characteristic peaks could not be obviously observed for the samples with dosage of PEG, indicating that the introduction of polyethylene glycol affected the crystallization of zeolite. The addition of polyethylene glycol coordinate with the metal ions, resulting in that Na + , was insufficient in the system, thereby making crystallization difficult. The infrared spectra of samples with PEG dosage of 0, 1.6, 3.2, and 6.4 g are depicted in Figure 7 . The Si-O-Si antisymmetric stretching vibration absorption peak was located at 1228 cm −1 , the Si-O-Si symmetric stretching vibration peak was centered at 800 cm −1 , and the five-membered ring characteristic absorption vibration peak due to the ZSM-5 zeolite structure was present at 550 cm −1 , indicating that ZSM-5 or a molecular sieve containing ZSM-5 structural unit could be formed by this method. It is worth mentioning that the absorption peak at 550 cm −1 of the sample without PEG was more obvious than the sample The infrared spectra of samples with PEG dosage of 0, 1.6, 3.2, and 6.4 g are depicted in Figure 7 . The Si-O-Si antisymmetric stretching vibration absorption peak was located at 1228 cm −1 , the Si-O-Si symmetric stretching vibration peak was centered at 800 cm −1 , and the five-membered ring characteristic absorption vibration peak due to the ZSM-5 zeolite structure was present at 550 cm −1 , indicating that ZSM-5 or a molecular sieve containing ZSM-5 structural unit could be formed by this method. It is worth mentioning that the absorption peak at 550 cm −1 of the sample without PEG was more obvious than the sample with PEG, indicating that the addition of PEG decreased the crystallization of ZSM-5, which is consistent with the XRD results. The N2 adsorption-desorption isotherm curve and a BJH pore size distribution diagram of the synthetic samples with different PEG addition are depicted in Figure 8 . The isothermal curve of the synthetic ZSM-5 sample without PEG addition was type IV, indicating the presence of mesoporous structure, which was attributed to the pile hole generated from the accumulation of small particles of ZSM-5. When the dosage of PEG was 1.6 g, the N2 adsorption-desorption isotherm curve of the sample was a typical type IV adsorption isotherm curve, indicating that the addition of PEG formed a certain mesopore. When the dosage of PEG was increased to 3.2 g, the N2 adsorption-desorption isothermal curve changed significantly. As the additional amount of PEG further increased, the N2 adsorptiondesorption isotherm curve of MZ-9-6.4 remained type IV, but the hysteresis loop was close to The N 2 adsorption-desorption isotherm curve and a BJH pore size distribution diagram of the synthetic samples with different PEG addition are depicted in Figure 8 . The isothermal curve of the synthetic ZSM-5 sample without PEG addition was type IV, indicating the presence of mesoporous structure, which was attributed to the pile hole generated from the accumulation of small particles of ZSM-5. When the dosage of PEG was 1.6 g, the N 2 adsorption-desorption isotherm curve of the sample was a typical type IV adsorption isotherm curve, indicating that the addition of PEG formed a certain mesopore. When the dosage of PEG was increased to 3.2 g, the N 2 adsorption-desorption isothermal curve changed significantly. As the additional amount of PEG further increased, the N 2 adsorption-desorption isotherm curve of MZ-9-6.4 remained type IV, but the hysteresis loop was close to the H 2 type, indicating that the mesoporous structure was more regular.
The N2 adsorption-desorption isotherm curve and a BJH pore size distribution diagram of the synthetic samples with different PEG addition are depicted in Figure 8 . The isothermal curve of the synthetic ZSM-5 sample without PEG addition was type IV, indicating the presence of mesoporous structure, which was attributed to the pile hole generated from the accumulation of small particles of ZSM-5. When the dosage of PEG was 1.6 g, the N2 adsorption-desorption isotherm curve of the sample was a typical type IV adsorption isotherm curve, indicating that the addition of PEG formed a certain mesopore. When the dosage of PEG was increased to 3.2 g, the N2 adsorption-desorption isothermal curve changed significantly. As the additional amount of PEG further increased, the N2 adsorptiondesorption isotherm curve of MZ-9-6.4 remained type IV, but the hysteresis loop was close to the H2 type, indicating that the mesoporous structure was more regular. Table 4 shows the pore parameters of the samples. As the additional amount of PEG increased, the mesoporous size of the sample increased significantly. When the additional amount of PEG was 3.2 g, the specific surface area of the sample reached the highest. Since polyethylene glycol is a diol polymer with hydroxyl groups at both ends, a large amount of surface -OH causes steric hindrance when a large amount of PEG is added, this causes ions to become isolated from each other, leading to large species spacing during crystallization and increased pore size. The results of the N 2 adsorption-desorption isotherm curve, BJH pore size distribution, and pore parameters indicate that PEG is a good mesoporous soft template. By adding the appropriate amount of PEG, the mesoporous structure was introduced into ZSM-5 during crystallization, and a microporous-mesoporous material with a high specific surface area was obtained. The NH 3 -TPD spectra for samples of different amounts of PEG dosage are shown in Figure 9 . The amount of added PEG has a large influence on the acidity of the sample. When the amount of PEG added was 0, 1.6 or 6.4 g, the curve was mainly dominated by the desorption peak of weak acid, indicating that the acid strength was weak. When the amount of added PEG is 3.2 g, two obvious NH 3 -desorption peaks appeared in MZ-9-3.2, corresponding to the desorption peaks of the weak acid and strong acid centers.
The NH3-TPD spectra for samples of different amounts of PEG dosage are shown in Figure 9 . The amount of added PEG has a large influence on the acidity of the sample. When the amount of PEG added was 0, 1.6 or 6.4 g, the curve was mainly dominated by the desorption peak of weak acid, indicating that the acid strength was weak. When the amount of added PEG is 3.2 g, two obvious NH3-desorption peaks appeared in MZ-9-3.2, corresponding to the desorption peaks of the weak acid and strong acid centers. From Table 5 , the catalytic performance of the sample with the addition of PEG has greatly improved, and the selectivity to 2,4-Di-tert-butylphenol is also increased. When the additional amount of PEG was 3.2 g, the highest conversion of phenol and highest selectivity to 2,4-Di-TBP were obtained, which was 96.5% and 53.9%, respectively. The addition of PEG 100 200 300 400 500 600 700 MZ-9-0 MZ-9-1.6 MZ-9-3.2 MZ-9-6.4
Intensity (a.u.) Temperature (C) Figure 9 . NH 3 -TPD spectra of MZ-9-0, MZ-9-1.6, MZ-9-3.2, and MZ-9-6.4.
From Table 5 , the catalytic performance of the sample with the addition of PEG has greatly improved, and the selectivity to 2,4-Di-tert-butylphenol is also increased. When the additional amount of PEG was 3.2 g, the highest conversion of phenol and highest selectivity to 2,4-Di-TBP were obtained, which was 96.5% and 53.9%, respectively. The addition of PEG to the synthesized ZSM-5 molecular sieve generates the mesoporous structure in the sample, which is beneficial to the catalytic reaction of phenol tert-butanol and the formation and transport of macromolecular products. Hierarchically, porous molecular sieves are composed of two or more pore sizes, e.g., microporous and mesoporous coexistence. It combines the advantages of microporous and mesoporous channel structure, on which the catalytic application can be greatly extended. For example, the hierarchical pore catalysts can be applied in volatile organic compounds oxidation reaction [29] . In addition, the hierarchical porous molecular sieves have potential application in catalytic cracking reaction [30] and catalytic hydrogenation reaction [31] , which makes the hierarchical porous materials important and useful in heterogeneous catalysis.
Experimental Section
Main Reagents and Instruments
All reagents are analytical reagents. Sodium hydroxide (Beijing Chemical Plant), tetraethyl orthosilicate (Beijing Beihua Fine Chemicals Limited Company), aluminum sulfate (Xilong Chemical Plant, Shantou City, Guangdong Province), tetrapropylammonium hydroxide (Beijing Beihua Fine Chemicals Limited Company), ammonium nitrate (Beijing Chemical Plant), cetane trimethyl ammonium bromide (Beijing Chemical Reagent Company), and polyethylene glycol (PEG, Wengjiang Chemical Plant, Guangdong Province) were used as received without further purification.
The following were also used: DF-101S aggregating heat constant temperature blender with magnetic force (Henan Province Yuhua Instrument Limited Company), DGX-9053BC-1 electric tachometer indicator thermostatic drying oven (Shanghai Fuma Experimental Equipment Limited Company), KBF1100 muffle furnace (Nanjing University Instrument Factory), Nicolet-5700 Fourier Infrared Spectrometer (Nikoli, USA), and Hitachi S4800 Transmission Electron Microscope (Japan Hitachi).
Catalyst Preparation
Synthesis of Micro-Mesoporous ZSM-5 with Different Stirring Times
A total of 3.2 g of polyethylene glycol (PEG), 36 mL of water, 0.2 g of aluminum isopropoxide, and 10.36 g of tetraethyl orthosilicate were stirred at 40 • C for 30 min to obtain silica-alumina sol. Following this, 4.1 g of tetrapropylammonium hydroxide (TPAOH) was added to the above sol, which was stirred at exposure state for different times (t = 3, 6, 9, and 15 h) to form uniform transparent sol. The obtained sol was placed in a Teflon-lined reactor and crystallized at 150 • C. After 24 h the product was filtered, washed, dried and calcined in the air atmosphere at 550 • C for 5 h to remove the PEG and TPAOH template. The samples were named MZ-3-3.2, MZ-6-3.2, MZ-9-3.2, and MZ-15-3.2, respectively, according to the exposed stirring time.
Synthesis of Micro-Mesoporous ZSM-5 with Different PEG Dosages
Different dosage of polyethylene glycol (0, 1.6, 3.2, and 6.4 g), 36 mL of water, 0.2 g of aluminum isopropoxide and 10.36 g tetraethyl orthosilicate were stirred at 40 • C for 30 min. Following this, 4.1 g of tetrapropylammonium hydroxide was added to the above sol and stirred for 9 h to form silica-alumina sol. The obtained sol was placed in a reactor and crystallized at 150 • C for 24 h. After which it was filtered, dried, and calcined in the air atmosphere at 550 • C for 5 h to remove the PEG and TPAOH template. The white powder was named MZ-9-0, MZ-9-1.6, MZ-9-3.2, MZ-9-6.4, respectively, according to the different PEG dosage. The Si:Al ratio of the obtained ZSM-5 was closed to 50:1 as detected by ICP-AES.
Preparation of H-Type Micro-Mesoporous ZSM-5
A total of 1.5 g of micro-mesoporous ZSM-5 was added into ammonium nitrate solution and stirred for 5 h at 90 • C in a water bath to finish the first ion exchange. After being filtered and dried, the second ion exchange was carried out. The obtained ZSM-5 with twice ion exchange was placed in a muffle furnace and calcined at 500 • C for 5 h to obtain H-type micro-mesoporous ZSM-5.
Catalytic Tests
Tert-butylation of phenol with tert-butanol was carried out in a fixed quartz bed reactor. H-type micro-mesoporous ZSM-5 at 0.5 g was used as a catalyst for the reaction. The alkylation reaction was investigated under reaction temperatures of 418 K. The n tert-butanol /n phenol ratio was 2.5. After the reaction was performed for 2 h, the products were collected and analyzed by a gas chromatograph. The area normalization method was used to obtain the conversion of phenol and the selectivity of each reaction product.
Conclusions
Due to its unique molecular structure, polyethylene glycol is suitable for the preparation of micro-mesoporous ZSM-5 as a mesoporous soft template. The micro-mesoporous ZSM-5 material synthesized by properly volatilizing the water solvent and adding a certain amount of PEG has a high overall surface area, a large pore size, and strong acidity, improving conversion of the reaction and reducing diffusion resistance of the produced large molecule, thus showing higher catalytic activity and selectivity than the pure microporous ZSM-5.
